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Abstract
THE ROLE OF MITOGENACTIVATED PROTEIN KINASES IN THE REGULATION
OF PLANT DEVELOPMENT
By Erica N. Satterfield, M.S.
A thesis submitted in partial fulfillment of the requirements of the degree of Master of
Science at Virginia Commonwealth University
Virginia Commonwealth University, 2009
Major Advisor: Dr. Wanling Chiu, Ph. D.
Assistant Professor, Department of Biology

Mitogenactivated protein kinases are part of an evolutionarily conserved
protein phosphorylation cascade which serves essential regulatory functions in eukaryotic
organisms. Although the role of MAPKs in the regulation of a plant’s response to
environmental stress and plant defense has been well established, very little is known
about their role in the regulation of plant developmental processes. In order to examine
the role of MAPKs in plant growth and development, a strong mammalian MAPK
phosphatase (MKP1), which is known to inactivate MAPKs in plants, was introduced
into tobacco plants. In tobacco plants, MKP1 overexpression altered plant responses to
the phytohormones, ethylene and cytokinin. Tobacco plants expressing MKP1 flowered
earlier and senesced later than wildtype. Additionally, these plants exhibited similar
floral morphology as flowers from ethyleneinsensitive tobacco plants. These observed
phenotypes seem to depend on the protein phosphatase activity, as transgenic lines
expressing an inactive form of MKP1 (MKPCS) did not show the same phenotypes.
Furthermore, both tobacco and Arabidopsis MKP1 transgenic plants exhibited increased
x

shoot regeneration when compared to wildtype plants, suggesting increased cytokinin
sensitivity. In an attempt to elucidate the mechanism by which MKP1 affects plant
growth and development, expression of selected genes were analyzed using RTPCR.
MKP1 transformed tobacco plants exhibited downregulated expression of an ethylene
biosynthesis gene (NtACO) and upregulated expression of a pathogenesisrelated gene
(PR1b), similar to gene expression studies previously conducted in plants with increased
production of cytokinin. The same MKP1 transgenic plants also exhibited upregulated
expression of the flowering time gene, FT.

Results from this study indicate that

constitutive expression of MKP1 may interfere with ethylenerelated MAPK pathways,
which normally serves to restrict plant growth during times of environmental stress. The
reduced responses to ethylene resulted in elevated sensitivity to cytokinin, promoting an
enhanced shoot regeneration phenotype.

xi

I. Introduction

I.A. Overview and objectives
Mitogen activated protein kinases (MAPKs) are part of the protein
phosphorylation cascades at the core of signal transduction in eukaryotes (Widmann et
al., 1999).

Thus far, studies of MAPKs in plants have uncovered their role in

environmental and biological stresses (Jonak et al., 2002). However, very little is known
about how MAPK pathways affect plant growth and development. The objective of this
project was to investigate possible roles of MAPKs in plant growth and development.
This was done by characterizing transgenic plants overexpressing a mammalian MAPK
phosphatase (MKP1, Sun et al., 1993) which is known to efficiently inactivate MAPK
pathways in plants (Kovtun et al., 1998; Asai et al., 2002).
The two main objectives of this project were to determine how the expression of
MKP1 affects whole plant development and to elucidate the possible mechanisms
through which MKP1 affects plant growth and development.
I.B. Background:
MAP Kinase signal transduction pathways in plants
Due to their sessile life form, plants have evolved sophisticated signal
transduction pathways to properly respond to various environmental factors (McCarty &
Chory, 2000).

One major signal transduction module utilized by plants to connect
1

activation of receptors with regulation of gene expression is MAPK pathways. MAPK
pathways are evolutionarily conserved protein phosphorylation cascades that serve
essential regulatory functions in eukaryotic organisms including: yeast, plants, and
animals (Mishra et al., 2006). MAPKs are phosphorylated at threonine and tyrosine
residues within the two conserved amino acid motifs (TEY or TDY) by upstream
kinases, MAPK kinases (MKKs), which in turn are phosphorylated and activated by their
upstream kinases (MPKKKs).
MAPKs play key roles in many fundamental processes ranging from cell division
(Mishra et al., 2006) to cell death (Liu et al., 2008, Wang et al., 2008).

MAPKs are

essential for plants to adapt to environmental stresses such as salinity, drought, and heavy
metals (Nakagami et al., 2005; Mishra et al., 2006). These signaling cascades are also
rapidly activated in response to invading pathogens and play instrumental roles in plant
defense and innate immunity (Asai et al., 2002; Ren et al., 2006; You et al., 2007).
Among all of the plant MAPKs that have been studied, the same MAPK, AtMPK6, has
been found to be involved in different signaling pathways including: salicylic acid,
jasmonic acid (Takahashi et al., 2007) and ethylene signal transduction (Yoo et al., 2008),
through its association with different MAPKKs and MAPKKKs.
Inactivation of MAPKs
The activation of a MAPK pathway often leads to the activation of tyrosine
phosphatases (PTPs) or dual specificity protein phosphatases (dsPTPs) that can
dephosphorylate MAPKs, serving as negative feedback control.

In plants, both PTPs

and dsPTP have been shown to effectively inactivate MAPKs (Tena et al., 2001; Luan,
2

2003; Mishra et al., 2006) by either dephosphorylating tyrosine residue (PTPs) or
dephosporylating both tyrosine and serine/threonine residues (dsPTPs).
MAPK phosphatases (MKPs), a subgroup of dsPTPs, are known to
dephosphorylate and inactivate MAPKs (reviewed by Theodosiou & Ashworth, 2002).
The Arabidopsis genome encodes five MKPs; AtMKP1, AtMKP2, IBR5, DSPTP1, and
PHS1 (Gupta, 1998).

Dephosphorylation by MKPs has been found to play a role in

various stress related responses in Arabidopsis. AtMKP1 is involved in the regulation of
a plant’s adaptation to osmotic stress.
Plants overexpressing AtMKP1 are more resistant to salt stress and mutants
lacking AtMKP1 are hypersensitive (Ulm et al., 2002). Additionally, AtMKP1 is a
negative regulator of MAPKs in the UV response and its expression is essential for UV
resistance (Ulm et al., 2001). Some of the AtMKPs are known to play a role in the
regulation of essential MAPKs.

AtMKP1 has been implicated in the regulation of the

activity of AtMPK6 (Ulm et al., 2002).

Recently, AtMKP2 has also been found to

effectively dephosphorylate two MAPKs, AtMKP3 and AtMKP6, both of which serve to
positively regulate stresssignaling pathways, and are transiently activated in response to
oxidative stress (Lee & Ellis, 2007).
Although less is known about the role of MKPs in the stressresponse of tobacco
plants, it is well established that they play a key role in adaptation to environmental
stressors and even target similar pathways to those seen in Arabidopsis plants.
Prolonged activation of Nicotiana MAPK phosphatase1 (NtMKP1) occurs in response
to wounding. Overexpression of NtMKP1 inhibits woundinduced MAPK (WIPK),
3

which is an ortholog of AtMKP3 (Yamakawa et al., 2004; Seo et al., 2007). NtMKP1
also inactivates a salicylicacid induced MAP kinase (SIPK), which is an ortholog of
AtMPK6 (Katou et al., 2005; Seo et al., 2007).
Thus far, IBR5 is the only plant dsPTP that has been associated with responses to
growth hormones (MonroeAugustus et al., 2003; Strader et al., 2008). Arabidopsis
mutants lacking IBR5 are less sensitive to auxin, the key plant hormone which regulates
almost every aspect of plant development (Woodward & Bartel, 2005). Ibr5 null mutants
are insensitive to auxin. Although, a role for IBR5 in the dephosphorylation of a specific
MAPK has yet to be elucidated, it has been suggested that the phosphatase activity of
IBR5 is essential to proper auxin responses in Arabidopsis since expression of an inactive
form of this dsPTP could not rescue null ibr5 mutants (Strader et al., 2008).
Interestingly, IBR5 serves to modulate auxin response via a mechanism
independent of the auxin receptor, TransportInhibitor Response1 (TIR1), which is a
subunit of the E3 ubiquitin ligase complex.

Binding of TIR1 to auxin promotes the

degradation of its negative regulators (AUX/IAA repressor proteins) (Kepinski & Leyser,
2005) and activates auxininduced gene expression (Gray et al., 2001). Auxinresistant
mutants, such as tir1 and axr1, generally exhibit decreased degradation of AUX/IAA
repressor proteins (Gray et al., 2001).

However, mutant ibr5, which is known to have

reduced expression of auxinresponsive transcripts, does not exhibit AUX/IAA protein
stabilization (Strader et al., 2008). This data suggests that the Arabidopsis dsPTP, IBR5,
serves to modulate auxin response via an auxinreceptor (TIR1) independent signal
transduction pathway and suggests an alternative mechanism for the regulation of auxin
4

response that is protein phosphorylation dependent (Strader et al., 2008).

The

plausibility of an alternative mechanism for auxin signaling is further supported by recent
global microarray analysis of MAPK signaling networks which revealed that several
auxinrelated transcription factors, including 8 IAA proteins and 4 auxin response factors,
were substrates for MAPKs in Arabidopsis (Popescu et al., 2008).
MAPKs in ethylene biosynthesis and signal transduction
Ethylene (C2H4) is a gaseous plant hormone which functions in many key plant
processes including seed germination, senescence, wound response, pathogen resistance,
and ripening of fruit (Benavente & Alonso., 2006; Tian & Lu., 2006). Genetic analysis
of Arabidopsis mutants with altered sensitivities to ethylene led to the discovery of a
small family of ethylene receptors that function as part of a signal transduction pathway
which transmits the ethylene signal from the cytoplasm to the nucleus, allowing the plant
to respond to changes in the external environment (reviewed by Benavente & Alonso,
2006).
The mechanism by which plant cells sense ethylene is via sensor histidine
kinases, part of the twocomponent system (TCS) which is known to play a role in the
perception and integration of endogenous and exogenous signals in higher plants
(reviewed by Urao et al., 2001).

Two of the five members of the ethylene receptor

family in Arabidopsis, ethylene response 1 (ETR1) and ethylene response sensor 1
(ERS1) have histidine kinase domains (reviewed by Grefen & Harter, 2004). The other
three members of the ethylene receptor family, ethylene response 2 (ETR2), ethylene
response sensor 2 (ERS2), and ethyleneinsensitive 4 (EIN4) contain a degenerate
5

transmitter domain which lack at least one amino acid necessary for histidine kinase
activity (Guo and Ecker, 2004).

In response to binding of ethylene to its receptor, a

histidine kinase is autophosphorylated at a conserved histidine residue in the catalytic
core of the transmitter domain, thus initiating signaling.

The phosphoryl group is

transferred to an aspartate residue in the receiver domain of the response regulator thus
modulating its activity (reviewed by Grefen & Harter, 2004).
The characterization of a constitutive ethylene response mutant, ctr1, lead to the
discovery of a RAFlike MPKKK, which negatively regulates ethylene response
(Benavente & Alonso, 2006). CTR1 interacts with both ethylene receptors which contain
histidine kinases (ETR1 and ESR1) and acts as a downstream element for the ethylene
receptors (Huang et al., 2003).

Interestingly, mutants carrying a lossoffunction ctr1

allele are still responsive to ethylene (Larsen and Chang, 2001). Furthermore, Ethylene
Insensitive 3 (EIN3), a crucial transcription factor in the ethylene signaling pathway
which is stabilized in the presence of ethylene and rapidly degraded in the absence of
ethylene, remains responsive to ethylene in ctr1 lossoffunction mutants (Guo & Ecker,
2003).

These findings suggest the potential existence of a secondary, nonclassical,

histidinekinase dependent signaling mechanism in ethylene signaling.
Recently, a MAPK pathway (AtMKK9AtMPK3/6) that positively regulates the
ethylene signaling pathway has been identified (Yoo et al., 2008). This MAPK pathway
increases ethylene sensitivity by stabilizing the transcription factor EIN3 via
phosphorylation of a key amino acid on EIN3. Besides being mediators of ethylene
sensing, AtMPK6 is also known to stimulate ethylene production in plants by directly
6

phophorylating a key enzyme (1Aminocyclopropane1carboxylic Acid Synthase, ACS)
in ethylene biosynthesis (Kim et al., 2003).
In light of the importance of MAPKs in ethylene related reactions, it is reasonable
to hypothesize that MAPK inactivation may affect plant growth and development by
decreasing expression of genes normally upregulated by ethylene.
Cytokinin biosynthesis and signal transduction
In contrast to ethylene, the plant hormone cytokinin delays senescence (Hwang &
Sakakibara, 2006). Cytokinin is also known to promote cell division (in the presence of
auxin), chloroplast differentiation, and shoot regeneration (Werner et al., 2001;
Kakimoto, 2003). In addition, cytokinin antagonizes the senescence promoting effects of
ethylene (Mok, 1994).
Plants

sense

cytokinin

via

membrane

bound

cytokinin

receptors

(CRE1/AHK4/WOL, AHK2, and AHK3) which belong to the sensor histidine kinase
family of the twocomponent signaling system (TCS) (Ueguchi, 2001; Hwang &
Sakakibara, 2006; Muller & Sheen, 2007). In response to the binding of cytokinin, the
receptor histidine kinase autophosphorylates a conserved histidine (His) residue in its
own receiver domain. An intermediate set of histidine phosphotransfer proteins receives
the phosphoryl group from the receiver domain and transfer it to a response regulator
(reviewed by Grefen & Harter, 2004). Phosphorylation of the typeB response regulator
in the nucleus induces a conformational change in the output domain that leads to its
activation (Hass et al., 2004) and the expression of cytokininresponsive genes, including
typeA response regulators (RRs). TypeA RRs negatively regulate cytokinininducible
7

gene expression, thereby exerting negative feedback control (Muller & Sheen, 2007) and
serving to maintain cytokinin homeostasis (Hass et al., 2004). The Arabidopsis genome
contains ten typeA response regulators that are primary transcriptional targets of
cytokinin signaling (D’Agostino et al., 2000), of which, eight are partially redundant (To
et al., 2004).
Interaction between ethylene and cytokinin signaling pathways
Since ethylene and cytokinin exert opposite effects on plant development, it is
useful to see how the two signaling pathways interact with each other. According to
microarray data (Yamada et al., 2003), two typeA Arabidopsis response regulators,
ARR3 and ARR16, are among the genes induced by ethylene, suggesting crosstalk
between the ethylene and cytokinin signal transduction pathways. Since MAPKs are
important regulators of the ethylene signaling pathway (Benavente & Alonso, 2006; Yoo
et al., 2008) and ethylene can impose a negative effect on cytokinin response,
inactivation of MAPKs may increase the sensitivity of plant cells to cytokinin and alter
plant growth and development.
Interaction between ethylene and giberellin signaling pathways
It has been proposed that ethylene inhibits vegetative growth by facilitating the
accumulation of DELLA protein, part of a family of nuclear growth repressors that
ultimately serve to restrain plant growth in Arabidopsis (Achard et al., 2003).
Conversely, gibberellin serves to promote growth by facilitating the destabilization of
DELLA (Dill et al., 2001). It was recently found that ethyleneinduced accumulation of
the key transcription factor EIN3 delayed floral transition in a DELLAdependent manner
8

(Achard et al., 2007). Furthermore, this ethylene induced accumulation of DELLA
protein was found to be necessary for plants to tolerate salt stress (Achard et al., 2006),
suggesting a role for DELLA in the inhibition of plant growth during environmental
stress.
In light of this evidence and the recent discovery of a MAPK pathway that
positively regulates ethylene signaling (Yoo et al., 2008), it can be postulated that
stress/ethyleneinduced MAPK signaling cascades may play a role in restraining plant
growth through DELLA protein and that growth may be restored by inactivation of these
stressactivated MAPKs.
Cytokinin and the regulation of carbon metabolism
It is well known that the allocation and partitioning of photoassimilates is
essential to plant growth and development.

During photosynthesis, lightdriven carbon

fixation results in the synthesis of organic carbon, predominantly in the form of sugars.
These products can then be remobilized and distributed from photosynthetically active
source tissue such as the leaves to photosynthetically inactive sink tissue. These useable
carbohydrates are then irreversibly hydrolyzed by an extracellular invertase into hexose
monomers that are taken up by cells in the sink tissue (Roitsch & Tanner, 1996).
Since cytokinins are known to play an active role in cell division and other major
biological processes involved in plant growth and development which require an
increased demand for carbohydrates, a link between cytokinin and photoassimilate
partitioning has been suggested (Roitsch & Ehness, 2000). Cytokinins are known to
induce extracellular invertase and hexose transporters, leading to an increase in sucrose
9

uptake and sink tissue strength (Ehness & Roitsch, 1997). Interestingly, it has been
determined that upregulation of extracellular invertase activity was an essential
component of cytokinininduced delay of senescence (Lara et al., 2004) The expression
of an invertase inhibitor under the control of a cytokinininducible promoter in tobacco
plants resulted in absence of the delayed senescence phenotype even in the presence of
exogenous cytokinin (Lara et al., 2004).
It has been shown that invertase activity is inhibited by ethylene, a hormone
which antagonizes the effects of cytokinin (Linden et al., 1996). Inhibition of ethylene
biosynthesis results in an increase in soluble sugars and delayed senescence of cut
gentian flowers (Zhang & Leung, 2001).

This evidence suggests that the interaction

between sugar and hormone signaling may be important in the regulation of senescence
(Leon & Sheen, 2003).
Sugar and the regulation of flowering
In plants, the transition to flowering marks the end of vegetative growth, where
leaves and stems are produced, and is the beginning of reproductive development. This
necessary change in development requires alterations in cellular metabolism, cell
elongation, and cell division which results in generation of the germline and production
of the organs necessary for sexual reproduction (McDaniel et al., 1985). It has been well
established that floral initiation is influenced by promotive and inhibitory factors
resulting in evocation of floral meristems and commitment to flowering (MeeksWagner
et al., 1989). Nicotiana tabacum is a dayneutral plant in which flowering is initiated

10

only after the plant produced a certain number of leaves (Dennin & McDaniel 1985;
Gebhardt & McDaniel, 1991).
It has been suggested that sugars are key component of the floral stimulus, as the
addition of sugar can rescue the lateflowering mutant of tomato, a dayneutral plant
(Deilen et al., 2001). Sucrose can also promote Arabidopsis flowering in the dark
(Roldan et al., 1999). Furthermore, it has been suggested that sugars, such as sucrose
may not only provide the substrate to satisfy the carbohydrate demands of growing tissue
but also generate a metabolic signal to stimulate the cell cycle, thereby promoting early
reproductive development. Extracellular invertases are induced by sugars (Sinha et al.,
2002), and are thought to play a role in cytokininregulated cell division (Lara et al.,
2004).

CyclinD, an important regulator of the cell cycle, is known to be induced by

sucrose (RiouKhamlichi et al., 2000).
Additionally, overexpression of cdc25, a tyrosine phosphatase that can activate
cyclindependent kinases (CDKs), from Schizosaccharamyces pombe in dayneutral
tobacco resulted in increased endogenous sucrose concentration and early flowering (Bell
et al., 1993; Teichmanova et al., 2007). Increasing sucrose concentrations in the medium
further shortened the time to flower in these plants suggesting a messagelike role for
sucrose in flowering (Teichmanova et al., 2007).

11

II. Methods and Materials

Plant material and growth conditions:
Wildtype tobacco plants, Nicotiana tabacum (SR1), were used for this study.
Plants were transformed with a 35S promoter::MAPK phosphatase1 (MKP1) construct
using Agrobacteriummediated gene transfer. As a negative control, an inactive MAPK
phosphatase (Sun et al., 1993) was also introduced into tobacco plants.

Seeds from

several Nicotiana tabacum MKP1 (MP1 to MP6, MPH) and MKPcs (MKPcsA to
MKPcsE) transgenic lines were germinated on filter paper in a petriplate using 10 mls of
sterile water. They were incubated in room temperature under constant light.
After germination, the plants were transferred to JIFFY Sphagnum peat pellets.
They were then grown at a temperature of 25° C and 100 µmol/m2/s light intensity on a
14:10 light: dark cycle.

After confirmation of presence of the MKP1 transgene in the

genome using PCR, the plants were transferred to pots containing commercial potting
soil and grown under the above stated conditions.

All plants were amended with

commercial fertilizer as necessary, and differences in phenotypes between WT, MKP,
and MKPcs transformed were noted.
DNA isolation and confirmation of MKP1 expression in transgenic plants
Genomic DNA was isolated from 15 mg of plant tissue (3 leaf discs) using 100 µl
of DNAzolES reagent (Molecular Research Center, Inc) according to manufacturer’s
12

instructions with the following modification: 20 µl of BCP was used instead of
chloroform.

The presence of the MKP1 and MKPcs transgenes in various lines of

tobacco plants (MP1 to MP6, MPH; MKPcsA to MKPcsE) and Arabidopsis plants (91
and 97) were confirmed using PCR. PCR was performed using GoTaqGreen PCR mix
(Promega) for the amplification of the MKP1 fragments.
amplification

of

the

MKP1

gene

CAGTGGAGATCCTGTCCTTCCT3’

fragments
and

The primer pairs used for
were

forward

reverse

5’
5’

GCTACGACTTGGGACTCAAAC TG 3’ with an expected product length of 421 bp.
PCR products were separated using agarose gel electrophoresis to confirm the presence
of the MKP1 transgene.
Characterization of flowering in transgenic plants
The onset of flowering in several MKP1 transformed tobacco lines was analyzed
by counting the number of leaves at the time when the shoot apical meristem switched to
reproductive development.

Wildtype and MKPcs transformed plants were used as

controls. The results were statistically analyzed using a oneway ANOVA.
Analysis of cytokinin sensitivity in MKP1 transgenic tobacco plants
In order to analyze the effect of MKP1 transformation on auxin and cytokinin
sensitivity in tobacco plants, stem segments (between each internode) were removed from
WT (SR1) and two MKP1 transformed lines (MP2 and MP6) which were previously
grown on ½ MS 0.5% sucrose media under sterile conditions. The stem segments were
placed on medium containing cytokinin alone (0.1 µM BAP) or auxin alone (0.1 µM
NAA).

After 28 days of growth and observation under these conditions, phenotypic
13

differences were observed and recorded and the mean percentage of shoot regeneration
was statistically analyzed using a one way ANOVA (n=3).
Sequence analysis of genes affected by MKP1 overexpression
In order to find tobacco genes with similar sequence homology to genes of known
function in Arabidopsis, the protein sequences for Arabidopsis isopentyl transferase 3
(IPT3, accession number At3G63110), Arabidopsis Response Regulators 3, 5, and 16
(ARR 3, 5, and 16, accession numbers At1G59940, At3G48100, and At2G40670), and
Flowering Locus T (FT, accession number At1G65480) was obtained from The
Arabidopsis Information Resource (TAIR, http://www.arabidopsis.org) (Swarbreck et
al., 2008) and used to BLAST the tobacco cDNA database (Tobacco Gene Index) hosted
by the DanaFarber Cancer Institute (http://compbio.dfci.harvard.edu/tgi/cgibin/tgi/).
Tobacco genes that exhibited high sequence homology to the query Arabidopsis
sequences were aligned with Clustal (Chenna et al., 2003) to determine the percentage of
sequence similarity.

Phylogenetic trees of the areas of consensus in the open reading

frames of candidate tobacco genes were constructed with Phylip (http://evolution.genetics.
washington.edu/phylip.html using BioBIKE (http://biobike.csbc.vcu.edu/) as an interface.
Based on the information obtained, candidate genes from tobacco were selected to be
used in further gene expression analysis.
RNA isolation and RT PCR gene expression analysis
Total RNA was isolated from whole seedlings of WT (SR1) and a select
transgenic tobacco line, MP4, using TriZol RNA reagent and stored at 80°C. RNA
concentration and quality was determined by UVspectrophotometry using the
14

A[260]:A[280] ratio. RNA samples were used as templates for the synthesis of first
strand cDNA using the ImpromII reverse transcription kit (Promega).

Reverse

transcription was initiated in the presence of Oligo (dT) and incubated in the
thermocycler for 5 minutes at 70°C and 5 minutes at 4°C.

Reverse transcription was

performed at 42 °C for 1 hour. PCR was performed with 1 µl of the RT reaction product,
specific forward and reverse primers and 2x RedTaq reaction mixture (Sigma). Reaction
conditions included initial denaturation for 3 minutes at 94°C followed by 30 cycles of
denaturation for 45s at 94°C, annealing for 45s at 55°C and extension for 1 minute at
72°C. Tubulin (NtTubA1, accession number AJ421411) was used to verify the integrity
of the RNA and as an internal control. Sequences of primers used in this study are listed
in Table 1. All PCR products were separated on a 1% agarose gel at 80 mV for 0.5 hours
and visualized with ethidium bromide staining and UV.
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Table 1: Primer sequences for RTPCR and expected product lengths
Accession
Product
Gene name
No.
Primer sequences
Length
NtACS3

AJ131836

F=CATTGAAGAGCAATGCTGGT
R=GTTTGCTCCTACTGCATTGT
F=GAGCTAAGGTTAGCAACTATCCA
R=CTTTCTCAACTAAAGTTGGTGCT

312 bp

NtACO

ABO12857

NtIPT
(Candidate)

DV161392

F=GATGAACAGCCTGATCTTGAAG
R=CCAGTATGTGACGTCGAAGA

429 bp

NtARR
(Candidate)

BP529812

171 bp

PR1b

X05453

NtERF1

D38123

F=CTTACCAAGTTACTGTTG
R=TCAAGAGGTCATAACCAGTCAT
F=TGGATGCCCATAACACAGCTG
R=CCCCCCCTTAATTAAGACCAC
F=AAGCTGCAATTGCTTATGAT
R=TTAACTGACTAATAATTGATGTC

NtTAA1
(Candidate)

EB683415

344 bp

NtTubA1

AJ421411

F=GGAAGTAGCGCTGACGAAGA
R=GCAGCTGGAGATAATCCATCTA
F=GCTACCATCAAGACTAAGCGTA
R=GTTTGCTCCTACTGCATTGT
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338 bp

566 bp
293 bp

367 bp

III. Results

III.A. Effects of MKP1 on tobacco plants development
In order to investigate the role of MAPK pathways in regulating plant growth and
development, a mammalian MAPK phosphatase (MKP1) (Sun et al., 1993) was
introduced into tobacco plants to perturb endogenous MAPK activities.

Several

transgenic tobacco lines carrying either the 35S::MKP1 construct (lines 16 and H), or
the 35S::MKPCS construct (lines AE) were obtained via Agrobacteriummediated
transformation.
Confirmation of MKP1 transgene in tobacco lines
After germination, the presence of the MKP1 transgene in several plants (46
plants) from each of the MKP1 and MKPcs transformed lines were confirmed using
PCR (Figure 1, Table 2).

All 26

T1 plants from the 7 MKP1 transgenic lines were

positive for the MKP1 transgene (Table 2).
Nineteen out of the twenty T1 plants from the 5 MKPcs transgenic lines carried
the MKPcs transgene (Table 2).

Only one of the four plants tested from the MKPcsC

transgenic line failed to show the presence of the transgene (Table 2).

Wildtype N.

tobacum SR1 (WT) plants were used as the control and none of the four WT plants
tested carried the transgene (Table 2).
MKP1 overexpression induced early flowering in tobacco plants
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After confirmation of the presence of the transgene in MKP1 and MKPcs
transgenic lines, all of the tobacco plants were grown under the same condition and
phenotypic differences in growth and development between MKP1, MKPcs, and WT
plants were observed and recorded.

Tobacco plants which carried the 35S::MKP1

construct flowered earlier than those plants that carried the inactive MKP (MKPcs) or
WT (SR1) plants.

At three months of age, a representative plant from the MP2

transgenic line had long switched from vegetative to reproductive development and was
vigorously flowering, whereas, a representative plant of the same age from the MKPCS
C transgenic line had not yet flowered (Figure 2).

In fact, plants from this MKP1

transgenic line started to flower seven weeks after germination, whereas tobacco plants
which expressed the inactive phosphatase (MKPcs) did not start to produce flower buds
until 13 weeks postgermination. A representative WT (SR1) tobacco plant, grown
under the same conditions, had not switched from vegetative to reproductive
development (Figure 2).

Interestingly, overexpression of MKP1 in the model plant

Arabidopsis also resulted in an early flowering phenotype even when grown under
nutrientdeficient conditions (Appendix).
In order to quantitatively characterize the extent of early flowering in MKP1
transformed plants, the number of nodes produced were observed and recorded for plants
from various tobacco transgenic lines. Since N. tabacum, SR1, is a dayneutral plant, it
only flowers after initiating a certain number of leaves (Dennin & McDaniel, 1985;
Gebhardt & McDaniel, 1991). The number of nodes produced was used as a proxy to
determine the number of true leaves produced by various transgenic lines before
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switching to reproductive development.

The tobacco transgenic lines expressing the

35S::MKP1 transgene flowered after producing an average of 17 true leaves (n = 15),
whereas, WT plants produced an average of 26 leaves (n = 5) before flowering (p =
6.74e06) (Figure 3, Table 3). Specifically, the individual MKP transgenic tobacco lines
(lines 13,5,6) produced an average of 19, 14, 21, 14, and 13 leaves respectively (n=3 for
each line), at the onset of flowering (Figure 3).
The effects of MKP1 on flowering seem to depend on protein phosphatase
activity as those plants expressing an inactive form of the MAPK phosphatase (MKPcs)
did not flower early.

In fact, those lines which expressed MKPcs (MKPcs AE)

produced as many leaves as WT before switching from vegetative to reproductive
development, producing an average of 25 leaves (n = 16) before flowering (Figure 3,
Table 3).

Specifically, the

individual MKPcs tobacco transgenic lines (line AE)

produced an average of 21, 26, 27, 26, and 26 leaves respectively (n = 4 for MKPcsA, n
= 3 for MKPcsBE) (Figure 3).
Although MKPtransformed lines produced fewer leaves before flowering than
WT (SR1) plants, MKP1 overexpression did not significantly alter the number of flower
buds produced at the time of flowering. Those tobacco lines expressing the 35S::MKP1
transgene produced an average of 11 flower buds (n = 7), whereas, WT plants produced
an average of 10 flower buds (n = 5) at the time of flowering. Those transgenic lines
which expressed the inactive phosphatase (MKPcs) produced an average of 8 flower buds
(n = 13) at the time of flowering (Table 3).
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Furthermore, constitutive expression of MKP1 did not significantly alter plant
height at the time of floral transition.

Plants expressing the 35S::MKP1 transgene

reached an average height of 49 cm (n = 14) , whereas, WT plants reached an average
height of 48 cm (n = 5) at the time of flowering. Those tobacco transgenic lines which
expressed the inactive phosphatase (MKPcs) reached an average height of 52 cm (n = 14)
before flowering (Table 3).
Overexpression of MKP1 delays whole plant senescence in tobacco
In addition to promoting early flowering, constitutive expression of MKP1
delayed whole plant senescence in tobacco transgenic lines. MKP1 transformed plants
did not show whole plant senescence after seed set (Figure 4C). Instead, leaves stayed
green and new shoots continued to develop from axillary buds. Under normal conditions,
tobacco plants do not continue to produce flowers after they start producing seed pods.
However, MKP1 transgenic tobacco plants continued to flower and produce shoots from
the axillary buds even after seed set, presumably until stem cell depletion (Figure 4C).
Those transgenic lines which expressed the 35S::MKP1 trangene produced a significant
number of lateral buds.

MKP1 transformed tobacco lines produced an average of 3

lateral buds (n = 9), whereas, WT plants produced an average of 0.2 lateral buds (n = 5)
at the time of flowering (p = .003) (Table 3). Those plants which expressed the inactive
phosphatase (MKPcs) produced an average of 1.5 lateral buds (n = 13) at the time of
flowering (Table 3). Normally the older leaves of tobacco plants will start to turn brown
and senesce after switching from vegetative to reproductive development (Figure 4A),
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however, the older leaves of MKP1 tobacco plants remain green even after seed
maturation (Figure 4C).
In addition to the earlyflowering, delayed senescence phenotype seen in plants
which constitutively express the 35S::MKP1 transgene, plants from these transgenic
lines also display abnormalities in flower morphology. Flowers of MKP1 transformed
plants developed significantly elongated stigma which extended beyond the petals
(Figure 4B). This may be caused by the shorter petals on the flowers. Those transgenic
plants expressing the 35S::MKP1 transgene produce flowers with an average length of
4.8 cm (n = 8), whereas, WT plants produce flowers with an average length of 6 cm
(n=5) (p = .005) (Table 3).
As observed in the analysis of flowering time in MKP1 transformed plants, the
effects of MKP1 overexpression on the delaying of whole plant senescence and flower
morphology seems to be dependent upon protein phosphatase activity as overexpression
of an inactive mutant of MKP1 (MKPcs) did not have the same effect. These plants
exhibited normal signs of senescence in their older leaves as they matured ( Figure 4A)
and produced flowers of normal length, averaging 6.1 cm in length (n = 12) (Table 3).
Overexpression of MKP1 enhances sensitivity to cytokinin
Since cytokinin and ethylene have opposite effects on plant senescence, in order
to characterize the extent of enhanced sensitivity to cytokinin that results from MKP1
transformation, internodes (stem between each node) of MKP1 transformed tobacco
plants were excised from 3 plants each of two different transgenic lines (MP2 and MP6)
and placed on media with cytokinin (1/2 MS + 0.1µM BAP) or without cytokinin (1/2
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MS).

The MKP1 transformed plants regenerated more shoots both in the presence of

(Figure 5A and B) and absence of exogenous cytokinin (Figure 5B). Of the 15 stem
segments excised from the MP2 transgenic line, 11 stem segments regenerated shoots
after exposure to exogenous cytokinin. Of the 21 stem segments excised from the MP6
transgenic line, 17 regenerated shoots after exposure to exogenous cytokinin. However,
none of the 14 WT (SR1) tobacco stem segments regenerated shoots when exposed to the
same conditions (p = .008).
In the absence of exogenous cytokinin, 5 of the 16 stem segments from the MP2
transgenic line and 13 of the 23 stem segments from the MP6 transgenic line regenerated
shoots in the absence of exogenous cytokinin.

However, only one of the 14 wildtype

(SR1) stem segment regenerated any shoots (Figure 5B).
Interestingly, Arabidopsis seedlings which overexpressed MKP1, exhibited an
enhanced shoot regeneration phenotype at the cellular level when exposed to varying
concentrations of cytokinin (Appendix).
III. B. Effects of MKP1 on gene expression
Confirmation of MKP1 expression in transgenic tobacco
Expression of MKP1 was confirmed using RTPCR in one of the tobacco
transgenic lines, MP4, which displayed phenotypic differences when compared to wild
type.

The expected band of 421 bp was amplified in the MKPtransformed plants but

not in wildtype tobacco, indicating that the transgene was expressed (Figure 6). Since
phenotypic analysis indicates that MKP1 overexpression promotes early flowering,
delays senescence, and enhances cytokinin sensitivity, gene expression analysis of key
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genes involved in cytokinin biosynthesis, ethylene sensing and biosynthesis, and
flowering regulation was undertaken in order to elucidate potential mechanisms by which
MKP1 overexpression altered plant growth and development.
MKP1 alters gene expression similar to plants with autoregulated production of
cytokinin
Since the same MAPK (AtMPK6) is known to induce biosynthesis of ethylene in
the cytoplasm (Kim et al., 2003) and activate ethylene inducible gene expression in the
nucleus (Yoo et al., 2008), both ethylene production and ethylene sensitivity may be
downregulated by MKP1 in the transgenic plants.

In order to determine if MKP1

overexpression affects the regulation of plant growth activities, such as senescence by
altering the production of ethylene and increasing sensitivity to cytokinin, the expression
level of various genes involved in ethylene biosynthesis was analyzed using RTPCR.
First, the expression level of NtACO (aminocyclopropane1carboxylate oxidase),
which is known to catalyze the last step in ethylene biosynthesis was analyzed.

ACO,

also called the ethylene forming enzyme, is known to be upregulated in response to
various stressrelated stimuli including wounding (Baraque et al., 1993) and the
developmental process of fruit ripening and flower senescence (Woodson et al., 1992).
Of importance, ACO is known to be upregulated in older leaves. Transgenic plants
expressing isopentyl transferase (IPT), a key enzyme for cytokinin biosynthesis, under
the control of the senescenceassociated gene 12 (SAG12) promoter had lower expression
of ACO in the older leaves (Wingler et al., 2005). The tobacco transgenic line which was
the strongest expressor of MKP1 (MP4) had lower expression of NtACO (ABO12857)
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when compared to WT (Figure 6) suggesting that MKP1 overexpression may reduce
ethylene biosynthesis.
The expression level of aminocyclopropane1carboxylate synthase (ACS), the
ratelimiting enzyme in ethylene biosynthesis, was also analyzed in the MP4 transgenic
line. ACS proteins are known to be phosphorylated by stressactivated MAPKs in the
cytosol (Kim et al., 2003; Liu & Zhang, 2004) resulting in increased stability and hence
more ethylene production.

There was no difference in the expression level of NtACS3

(AJ131836, a tobacco ACS gene), found between the MKP1 transgenic line and wild
type plants.

This could be explained by the fact that ACS is induced by stress at both

transcriptional and posttranslational levels (Argueso et al., 2007; Joo et al., 2008).
MKP1 overexpression alters the expression of defense related genes suggesting
increased sensitivity to cytokinin
PR1b is a pathogenesisrelated protein which is known to be upregulated in
transgenic tobacco plants that overexpress the cytokinin biosynthesis gene, IPT, under the
control of the SAG12 promoter (Wingler et al., 2005). The expression of the tobacco
PR1b gene (X05453) was analyzed using RTPCR in order to determine if PR1 is also
upregulated in MKP1 transformed plants. Indeed, the expression of the PR1b gene was
significantly upregulated in the MKP1 tobacco transgenic line that exhibited the most
profound delayed senescence phenotype (MP4). On the other hand, WT tobacco plants
did not express the PR1b gene at all (Figure 6).

Increased expression of this gene, as

seen in the SAG12:IPT plants, indicates that MKP1 transformed plants are indeed very
similar to plants with elevated levels of cytokinin.
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MKP1 overexpression increases cytokinin responses without significantly altering
expression of cytokinin biosynthesis genes
In order to determine whether the delayedsenescence phenotype exhibited by
MKP1 transformed plants can be attributed to alterations in cytokinin production or
merely increased sensitivity to cytokinin, expression of a key cytokinin biosynthesis
gene, isopentyl transferase (IPT), was analyzed using RTPCR.

IPT catalyzes the first

step in cytokinin biosynthesis. IPT proteins are encoded by a family of seven genes
(AtIPT1; AtIPT38) in Arabidopsis thaliana (Kakimoto, 2001).

The remaining two

IPT’s (IPT2 and 9) catalyze the adenine moiety of tRNA’s (Golovko et al., 2002).
Cytokinin levels in plants are regulated by many different factors including de novo
biosynthesis, interconversion between cytokinin species, degradation, inactivation and
transport (Mok & Mok, 2001; Werner et al., 2003).

AtIPT3 is known to be expressed

throughout the vasculature of the plant and its expression is affected by alterations in
nutrient availability, such as changes in nitrate concentration (Miyawaki et al., 2004;
Takei et al., 2004). Furthermore IPT (AtIPT3) has been shown to be downregulated
during natural senescence according to microarray analysis in Arabidopsis (Buchanan
Wollaston et al., 2005).
Since the gene responsible for the synthesis of IPT had yet to be found in
Nicotiana tabacum, an Arabidopsis IPT gene (AtIPT3) protein sequence was obtained
from The Arabidopsis Information Resource (TAIR) database and was used to BLAST
the tobacco cDNA database maintained by the Dana Farber Cancer Institute (DFCI).
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Two tobacco cDNA sequences, DV161392 and EB682859, were found which had similar
homology to AtIPT3 with pvalues of 1.8e42 and 1.8e18 respectively.

In order to

determine the percent sequence homology between these two candidate genes and
AtIPT3, each cDNA sequence was converted to an amino acid sequence and the open
reading frame (ORF) of each deduced sequence was aligned to the AtIPT family of
genes (AtIPT1,38) with Clustal using BioBike, as an interface.

DV161392 and

EB682859 was found to be 53.27% (Evalue of 7.8e33) and 38.74% (Evalue of 8.0e
23) similar to AtIPT3, respectively (Figure 7A and 7B). In addition, a phylogenetic tree
was constructed using the areas of consensus between AtIPT3 and the two candidate IPT
tobacco genes with Phylip using BioBike as an interface (Figure 7C).
DV161392 was selected for gene expression analysis in MKP1 transformed
plants.

However, no obvious differences in expression were observed between the

MKP1 transformed tobacco transgenic lines and WT plants (data not shown).

This

suggests that the phenotype exhibited by these transgenic plants were not the result of
increased cytokinin biosynthesis.
Overexpression of MKP1 promotes expression of cytokinininducible genes
Several cytokinin inducible typeA response regulators (RR4, RR5, RR6, RR7,
RR9, and RR15) were found to be upregulated in an Arabidopsis mutant with delayed
senescence (Kim et al., 2006).

Furthermore, two other Arabidopsis typeA response

regulators, RR3 and 16, were found to be induced by ethylene in a microarray experiment
(Yamada et al., 2003).

Interestingly, a subset of typeA RR’s are direct targets of the

transcription factor, WUSHELL, a gene which serves to regulate shoot apical meristem
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activity (Leibfried et al., 2005), suggesting that interference with or alterations in the
expression of these regulators may result in unregulated meristem maintenance. In light
of this evidence, gene expression analysis of this gene family was conducted in order to
determine whether the delayedsenescence phenotype of MKP1 transgenic lines could be
attributed to increased sensitivity to cytokinin.
Since the genes responsible for the synthesis of typeA response regulators in
Nicotiana tabacum had yet to be published, amino acid sequences for AtRR5 and
AtRR16 were obtained from TAIR and used to BLAST the N. tabacum cDNA database.
These two genes were selected because At RR5 is known to be induced by cytokinin and
is differentially expressed in meristems (D’Agostino et al., 2000) and At RR16 is known
to be ethyleneinduced (Yamada et al., 2003).

Two tobacco cDNA sequences,

DW0000627 and BP529812, were found which had good homology to AtRR5 with E
values of 1.1e33 and 2.8e36, respectively.

Another tobacco cDNA sequence,

EB434519, was found to be similar in homology to At RR16 with a pvalue of 4.0e7. It
should be noted that three other cDNA sequences (TC6035, BP530652, and BP239037),
were found during this BLAST which were similar in homology to the Arabidopsis type
A RR family. However, further phylogenetic analysis using Phylip revealed that they
were closer in homology to another member of this gene family, ARR8.
In order to determine the exact percentage of sequence similarity between each
candidate

gene and their respective At RR, each candidate cDNA sequence was

converted to an amino acid sequence and the open reading frame (ORF) of each deduced
sequence was aligned to the At family of TypeA RRs, using Clustal with BioBike as an
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interface. DW0000627 and BP529812 were found to be 58.23 (Evalue of 4.0e50) and
63.64% (Evalue of 4.0e43) similar to At RR5, respectively.

EB434519 was

determined to be 54.17% (Evalue of 9.0e7) similar to At RR16 (Figure 8A and 8B). In
addition, a phylogenetic tree was constructed using the areas of consensus (consensus 65
to 165) between the Arabidopsis typeA RR family and the candidate tobacco genes
(Figure 8C and 8D) with Phylip using BioBike as an interface.

It should be noted that

this phylogenetic tree appears strikingly similar to one of the At RR family constructed
by Hwang et al., (2002). This further validated the use of BP529812 and EB434519 in
typeA RR gene expression analysis studies.
Results from RTPCR show no difference in the expression of the two tobacco
RR’s tested (BP529812 and EB434519) between MKP1transformed and WT plants.
However, alterations in gene expression was detected during further studies in the lab for
a different type A RR, BP129037,which was expressed at a higher level in plants
transformed with MKP1 compared to wildtype (Lindon et al., submitted).
MKP1 overexpression promotes expression of FT, a key regulator of flowering
FT (Flowering locus T) is a key integrator of a conserved genetic pathways to
flowering which is positively regulated by the expression of the flowering time gene,
CONSTANS in Arabidopsis (a longday plant) in a lightdependent fashion (Yanovsky &
Kay, 2002).

Overexpression of FT is known to result in early flowering in Arabidopsis

(Nguyen et al.,1999).

Overexpression of a tomato FT ortholog resulted in early

flowering in dayneutral tobacco plants (Lifschitz et al., 2006). In addition to its role in
the flowerpromoting pathway, FT may also regulates termination of the vegetative
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meristem as constitutive expression of this FT ortholog resulted in shorter internodes and
arrested development of the apical meristem (Lifschitz et al., 2006).

Interestingly, a

typeB response regulator, Ehd1, has been found to promote flowering via regulation of
FTlike genes in rice (Doi et al., 2004). This suggests that growth attenuation and floral
transition may be regulated by the same cellular processes. Recently, global microarray
analysis of MAPK signaling networks revealed that FLC (Flowering Locus C), a flower
repressor gene which is known to target and repress FT (Searle et al., 2006), is
phosphorylated by several MAPKs in Arabidopsis (Popescu et al., 2008), suggesting a
role for MAPK signaling in the regulation of flowering time.
In light of this evidence, gene expression analysis of FT was conducted using RT
PCR in order to determine if the earlyflowering phenotype exhibited by MKP1
transformed plants can be attributed to alterations in the expression of key regulators of
flowering, such as FT. Since the FT sequences in N. tabacum have yet to be published,
The Arabidopsis FT protein sequences was obtained from TAIR and used to BLAST the
N. tabacum cDNA database.

During this search, five genes were found which had

similar homology to FT, DV999455 (Evalue of 7.9e60), TC9351 (pvalue of 3.3e50),
NP916997 (Evalue of 4.2e49), DW003367 (Evalue of 8.7e43), and DW001475 (1.1e
42).

After translating each candidate FT cDNA sequence into an amino acid sequence,

they were aligned to the Arabidopsis FT sequence with Clustal using BioBike as an
interface in order to determine the sequence similarity between the candidate tobacco FT
genes and Arabidopsis

FT.

DV999455, TC9351, NP916997, DW003367, and

DW001475 were found to be 66.47% (Evalue of 5.0e68), 57.14% (Evalue of 3.0e57),
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55.7% (Evalue of 2.0e49), 54.94% (Evalue of 1.0e49), and 54.02% (Evalue of 2.0e
56) respectively (Figure 9A). In addition, a phylogenetic tree was constructed using the
areas of consensus or similarity (consensus 26 to 177) between the candidate FT genes
and At FT, which supports DV999455 being closely homologous to the At FT gene
(Figure 9B and C).
Gene expression analysis using primers specific to DV999455 showed that this
gene was indeed highly expressed in MKP1 transformed plants. In fact, expression of
this particular transcript was not noted in WT tobacco plants (Figure 6), which suggests
that this gene plays a similar role to AtFT in tobacco.

Furthermore, this evidence

indicates that the early flowering phenotype exhibited by MKP1 transgenic plants is the
direct result of upregulation of FT expression.
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IV. DISCUSSION

Since the same MAPK (AtMPK6) can activate an enzyme for ethylene
biosynthesis in the cytoplasm (Kim et al., 2003) and participate in transmitting signals
from ethylene to the nucleus (Yoo et al., 2008), it is very likely that inactivation of this
MAPK may reduce both ethylene biosynthesis and ethylene sensitivity. Phenotypes of
transgenic tobacco plants overexpressing MKP1 agreed with this prediction. MKP1
transgenic plants showed delayed whole plant senescence (Figure 4C), and flowers with
protruding stamen (Figure 4B), a phenotype that has been observed in ethylene
insensitive tobacco plants expressing a mutated ethylene receptor from melon (Takada et
al., 2005). The presence of these characteristics in MKP1 transformed plants suggests
that constitutive expression of MKP1 results in reduced sensitivity to ethylene in these
plants.
Since ethylene is known to antagonize the effects of cytokinin, it is very likely
that MKP1 expression not only confers reduced sensitivity to ethylene but also increases
sensitivity to cytokinin.

Both tobacco and Arabidopsis MKP1 transgenic plants,

exhibited enhanced shoot regeneration, regardless of the presence or absence of
exogenous cytokinin (Figure 5A and B). Additionally, MKP1 transformed produce extra
lateral buds (Table 3), suggesting MKP1 expression enhances sensitivity to cytokinin.
Although MKP1 transformed tobacco lines were more responsive to cytokinin, these
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plants did not exhibit upregulated expression of cytokinin biosynthesis (IPT) genes.
These results suggest that the delayed senescence and enhanced shoot regeneration
phenotypes exhibited by MKP1 transformed plants were probably not caused by
increased cytokinin biosynthesis but most likely resulted from increased sensitivity to
cytokinin.
In addition to phenotypes associated with increased sensitivity to cytokinin,
constitutive expression of MKP1 altered gene expression in a manner similar to that of a
SAG12: IPT construct which produced higher level of cytokinin in senescing tissue
resulting in a delayedsenescence phenotype (Wingler et al., 2005).

Similar to

SAG12:IPT plants, MKP1 transformed plants exhibited reduced expression of ACO, a
key ethylene biosynthesis gene, and increased expression of PR1b, a defenserelated
gene. Although, it is wellknown that Arabidopsis PR1 genes are induced during leaf
senescence (Robatzek and Somssitch, 2001), PR1b is not induced in senescing wildtype
tobacco (Wingler et al., 2005) supporting our findings.
Increased cytokinin sensitivity is known to cause upregulation of key extracellular
invertases (Lara et al., 2004) which irreversibly hydrolyzes carbohydrates into hexose
monomers resulting in increased sucrose uptake and enhanced sink strength (Ehness &
Roitsch, 1997). Furthermore, it is thought that soluble sucrose may act as a signaling
molecule (Sheen et al., 1999; Smeeekens, 2000) inducing defense related genes such as
PR genes. Expression of a maize pathogenesis related protein (PRms) in tobacco plants
resulted in increased soluble sugar concentrations and an earlyflowering phenotype. In
fact, plants which overexpressed this gene exhibited reduced starch content and actively
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converted more starch to sucrose (Murillo et al., 2003). During this study, starch staining,
using I2KI solution, was performed in an attempt to determine if MKP1 expression
altered photoassimilate partitioning, but the results were inconclusive. However, further
studies using a commercially available carbohydrate analysis kit determined that
constitutive expression of MKP1 increased the concentration of soluble sugars in
tobacco plants (Lindon et al., submitted). In light of this evidence, it is quite possible that
constitutive expression of MKP1 inactivated stressinduced MAPKs normally involved
in ethylene sensing and biosynthesis. This interference with stressactivated hormone
signaling probably resulted in increased sensitivity to cytokinin and lead to enhanced
availability of soluble sugars and an early flowering phenotype.
Although the role of PR genes in plant defense has been strongly established, it
has been suggested that these genes may also play a role in flowering and normal
reproductive development as PR proteins were expressed in the sepals, stamen, and
ovaries of healthy tobacco flowers (Lotan et al., 1989) and expression of this gene is
known to alter the source to sink ratio, inducing early flowering (Murillo et al., 2003).
Although a role for cytokinin signaling in the regulation of flowering has yet to be
elucidated, a Btype RR which positively regulates cytokinin signaling, is known to play
a role in the regulation of flowering in rice, a long day plant (Doi et al., 2004). In this
study, MKP1 transformed plants had elevated expression of an FT gene, a key regulator
of flowering in plants (Yanovsky & Kay, 2002). Since constitutive expression of MKP1
enhances sensitivity to cytokinin, a positive role for cytokinin in the regulation of floral
development is suggested.

Since MKP1 expression alters the expression of PR1, a
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gene indirectly regulated by cytokinin, as well as, the floral regulation gene FT, it is quite
reasonable to consider a role for MAPKs in the regulation of normal plant developmental
processes, such as growth attenuation, photoassimilate partitioning, and the regulation of
flowering.
Since MAPKs are rapidly activated in response to invading pathogens and play
instrumental roles in plant defense and innate immunity (Asai et al., 2002; Ren et al.,
2006; Yoo et al., 2007), it could be argued that MKP1 overexpression would interfere
with stressactivated defense mechanisms and thus increase susceptibility to pathogen
invasion and disease.

To the contrary, Arabidopsis plants that express the SAG12:IPT

construct which confers autoregulated production of cytokinin also exhibit increased
resistance to flooding (Zhang et al., 2000).

In fact, overexpression of an Arabidopsis

dsPTP (MKP1) has been shown to confer resistance to osmotic stress (Ulm et al., 2002).
This suggests that plants constitutively expressing MKP1 may have some advantage
under certain conditions.

During this study, one of the transgenic lines appeared to be

more resistant to osmotic stress during salt stress analysis, however, results could not be
duplicated under sterile conditions (data not shown).

The inconclusiveness of these

results may have resulted from plant material of substandard quality, as some plants were
exhibiting signs of stress prior to transfer to media containing high salt concentrations.
Further salt stress analysis studies should be conducted in order to determine whether
MKP1 overexpression promotes resistance to abiotic stressors.
Although both ethylene and cytokinin signaling pathways share parts of the
bacterial twocomponent systems, as both have receptors which encode histidine kinases
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(Inoue, 2001), evidence for crosstalk between the two pathways have yet to be firmly
established. Microarray data have indicated that ethylene induces the expression of two
Arabidopsis typeA RR’s (Yamada et al., 2003) suggesting crosstalk between the two
pathways but a molecular mechanism connecting ethylene receptors with RRs has yet to
be established (Chang and Stadler et al., 2001). In this study, the expression of several
TypeA RRlike genes were compared between WT and MKP1 transformed plants but
no differences were found. However, further research found that the expression of one of
these genes was upregulated in MKPtransformed plants when compared to WT (Lindon
et al., submitted). These results suggest that this candidate Nt typeA RR is activated by
cytokinin in tobacco plants. Furthermore, alterations in expression of this tobacco RR
gene suggests a potential

role for MAPKs in crosstalk between the cytokinin and

ethylene signal transduction pathways, since perturbation of MAPK signaling by MKP1
interfered with ethylene sensing and increased cytokinin sensitivity.
In addition to producing an earlyflowering, delayed senescence phenotype,
MKP1 overexpression also extended shoot apical meristem (SAM) activity. Normally,
plants cease flowering after seed set. In this study, MKP1 transformed tobacco lines
continued to produce flowers even after seed set, presumably until stem cell depletion. In
earlier experiments , MKPcs expression totally abolished SAM development in some
primary transformants of tobacco plants (Chiu, unpublished). These findings suggests a
role for MAPKs in the regulation of meristematic growth. Interestingly, WUSHELL, a
transcription factor which serves to regulate SAM activity, is known to keep meristems
active by directly targeting a subset of typeA RRs, resulting in increased sensitivity to
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cytokinin (Leibfried et al., 2005). In light of this evidence, it is quite plausible that
constitutive expression of MKP1 may increase cytokine sensitivity at the SAM by
inhibiting ethylene responses allowing cells in the meristem to continue to divide.
Further studies should consider gene expression analysis of WUSHELL in MKP
transformed plants in order to determine if constitutive expression of MKP1, and
subsequent MAPK inactivation,

interferes with the normal regulation of meristem

maintenance genes.
The utilization of a molecular switch such as MKP1 to increase sucrose export,
delay leaf senescence, and reallocate photoassimilates in agriculturally important plants
may lead to increased crop yield, and prolonged shelf life.

Furthermore, MKP1

overexpression may have the added benefit of enhanced crop protection, in addition to
increased productivity and greater crop yield.

Increasing crop production should be an

issue of top priority since crops are being used for bioenergy and increasing human
populations may lead to food shortages.
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42

43

44

H1

H2

H3

H4 1Kb

Figure 1: Confirmation of presence of the MKP1 transgene in various lines
of transgenic tobacco plants. DNA was extracted from seedlings that were
germinated on filter paper. The MKP1 gene fragment was amplified 30 cycles
using 1 µl of DNA. 6.5 µl of genomic DNA PCR product from the MPH and
MP4 transgenic lines underwent electrophoresis on a 1% agarose gel to confirm
presence of the MKP1 transgene.
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Table 2: PCR verification of MKP1 in transgenic tobacco lines.
Line

Number of Plants
Number of Plants
Positive for Transgene Negative for Transgene
4
MKPcs A
MKPcs B

4

MKPcs C

4

MKPcs D

4

MKPcs E

4

MP1

3

MP2

6

MP3

3

MP4

4

MP5

3

MP6

3

MPH

4

1

Wild Type
4

SR1

38

MP2

MKPCSC

SR1

Figure 2: MKP1 overexpression promotes early flowering in transgenic tobacco plants.
A representative plant from the MP2 transgenic line (left) which expresses the MKP1 transgene
is vigorously flowering, whereas a representative plant from the MKPcsC tobacco line (middle),
and WT (SR1) (right) remain in the vegetative state.
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Figure 3: Comparison of leaf numbers at the onset of flowering among wildtype and
transgenic tobacco lines. MKP1 (MP) lines counted fewer leaves before flowering producing
an average of 17 true leaves (n = 15) compared to wildtype plants (SR1) which produced an
average of 26 leaves (n = 5) (p = 6.74e06). The MKP transgenic tobacco plants (lines 13,5,6)
produced an average of 19, 14, 21, 14, and 13 leaves respectively (n=3 for each line), at the onset
of flowering. This difference seems to be phosphorylation dependent as transgenic lines
expressing an inactive form of this phosphatase (MKPcs) produced an average of 25 true leaves
(n = 16) before flowering. The MKPcs transgenic tobacco plants (line AE) produced an average
of 21, 26, 27, 26, and 26 leaves respectively (n=4 for MKPcsA, n=3 for MKPcsBE).
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Table 3: The Effects of MKP1 overexpression on phenotypic characteristics in transgenic
tobacco lines
MKP
16.8
15
1.16
6.74E06

26
5
2.26

MKPcs
25.3
16
1

Average Flower Length (cm)
Sample size
Standard Error
Pvalue ANOVA

4.8
8
0.28
0.005

6.1
5
0.4

6
12
0.22

Average Number of Extra Lateral Buds
Sample size
Standard Error
Pvalue ANOVA

2.9
9
0.35
0.003

0.2
5
0.2

1.5
12
0.43

Average Number of Flower Buds Produced
Sample size
Standard Error
P value ANOVA

10.6
7
2.78
0.5

9.6
5
2.62

7.9
13
0.61

Average Plant Height (cm)
Sample size
Standard Error
P value ANOVA

49
14
2.54
0.56

47.8
5
7.03

52.1
14
1.8

Average Number of Nodes at flowering
Sample size
Standard Error
P value ANOVA

SR1

a

From base of corolla to flower top
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A.

MKPCSA

B.

C.

MKP3

Figure 4: MKP1 overexpression delays senescence in transgenic tobacco lines.
(A) MKPcs plants show normal senescence as they mature. (B) Flowers of a MKP1 transformed
plant exhibit elongated stigmas which extended beyond the petal (C) MKP1 transformed plants
exhibit a delayed senescence phenotype, as the older leaves of these plants remain green even
after seed set. These plants continued to flower and produced shoots from their axillary buds.
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A.

SR1

MP6

B.

Percent Shoot Regeneration In the Presence and
Absence of Exogenous Cytokinin

Percent Shoot
Regeneration

100
80
60

1/2 MS .5 S

40

0.1 µM BAP

20
0
SR1

MP2

MP6

Line

Figure 5: MKP1 overexpression enhances sensitivity to cytokinin in plant tissue. Stem
segments of WT (SR1) and MKP1 transformed tobacco plants were placed on medium with or
without cytokinin (0.1 µM BAP). (A) Comparison of shoot regeneration between WT and MKP
1 tissue in the presence of cytokinin. (B) Frequencies of shoot regeneration on medium with or
without cytokinin. Stems of MKP1 transformed plants (n = 15 for line MP2, n = 21 for line
MP6) produced mores shoots both in the presence (p = .008) and absence of endogenous
cytokinin.

MP41 MP42 SR11 SR12
MKP1
ACO
PR1
FT
Tub

Figure 6: RTPCR analysis of genes affected by MKP1 overexpression.
RTPCR was performed using 1st strand cDNA representing genes expressed in WT and MKP
1 transgenic seedlings growing on high sucrose (5%) medium for one month. MKP1
transformed plants (MP41 and MP42) displayed reduced expression of ACC oxidase (ACO)
and increased expression of pathogenesis related protein (PR1). In addition, theses plants
exhibited upregulated expression of FT, a key activator for flowering. Tubulin was used as an
internal control.
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Figure 7: Phylogenetic analysis of putative tobacco IPT genes. (A) Using Clustal, 2
candidate NtIPT genes, DV161392 and EB682859, were found to be 53.27% and 38.74% similar
to the AtIPT3 protein sequence. Using a conserved region among members of Arabidopsis IPT
gene family and the candidate NtIPT genes shown in (B), a phylogenetic tree (C) was
constructed.
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Figure 8: Phylogenetic analysis of candidate tobacco type ARR genes. (A) Using
Clustal , 2 candidate Nt TypeA RR’s, BP529812 and DW0000627, were found to be 63.64
and 58.27% similar to the AtARR5 protein sequence and (B)one candidate Nt TypeA RR,
EB434519, was found to be 54.17% similar to the AtARR16 protein sequence. (C) Using
the areas of consensus between the At TypeA RR family and the candidate Nt TypeA RR
genes, a phylogenetic tree was constructed using Phylip, which confirmed that BP529812
was most similar to ARR5 and EB434519 was most similar to ARR16 in the At TypeA
gene family.
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Figure 9: Phylogenetic analysis of candidate Nt FT genes. (A) Using Clustal, the deduced
amino acid sequences of 5 putative NtFT cDNA clones were found to be similar to AtFT. Using
the areas of consensus between AtFT and the putative NtFT genes shown in (B), a phylogenetic
tree (C) was constructed. This tree confirms that DV999455 was indeed most similar to FT.
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APPENDIX
Effects of MKP1 expression on the development of Arabidopsis seedlings

Objective:
In order to further analyze the effects of MKP1 overexpression on plant development,
the 35S:: MKP1 construct was introduced into Arabidopsis via Agrobacterium mediated
transformation and phenotypic effects on plant growth, flowering, and shoot regeneration
were analyzed.
Methods and Materials:
Plant material and growth conditions:
The same 35S:MKP construct used in the tobacco experiment was introduced into
Arabidopsis via agrobacteriummediated transformation following the floral dip protocol
(Zhang et al., 2006). Arabidopsis plants were grown on ½ MS (Murishage and Skooge,
1962) medium amended with 0.5% sucrose in room temperature under a light intensity of
70 µmol/m2/s on a 14:10 light: dark cycle.
Analysis of nutrient deprivation on flowering in Arabidopsis transgenic plants
In order to analyze the effects of nutrient deprivation on flowering time, an
Arabidopsis MKP1 transformed line (91) and WT (BE) plants were germinated on ½
strength MS 0.5% sucrose media and then transferred to various nutrient deplete medias.
This included media deplete of nitrogen (N) and phosphorous (P). For this experiment,
nutrient replete media (complete or C) which contained all nutrients necessary for plant
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growth was used as the control.

To analyze the effects of sucrose amendment on

flowering time in plants grown under conditions of nutrient deprivation, Arabidopsis (9
1) and WT (BE) plants were grown on nutrient deplete media amended with sucrose (
N+S and –P+S).

Complete medium which contained all mineral nutrients necessary

for growth was amended with sucrose and used as the positive control. All of the plants
were grown under 70 µmol/m2/s light intensity with a 14:10 light: dark cycle. After 28
days of growth, differences in phenotypes and flowering of MKP1 transformed and WT
plants were photographed and recorded.
Analysis of cytokinin sensitivity in MKP1 transgenic Arabidopsis plants
In order to analyze the effects of nutrient deprivation on the cytokinin sensitivity
of MKP1transformed plants, excised roots from a 35S: MKP1 Arabidopsis transgenic
lines (97) and WT (BE) were germinated on ½ MS 0.5% sucrose media and then
transferred to nutrient deplete media for further growth and analysis.

This included

media deplete of nitrogen (N) and phosphorous (P). Complete media, which contained
all nutrients, was used as the control.

To further analyze the effect of nutrient

deprivation on the cytokinin sensitivity of MKP1 transformed plants, roots from the
same Arabidopsis MKP1 transgenic line were placed on nutrient deplete media that was
amended with additional sucrose (N+S and P+S).
sucrose (C+S) was used as the positive control.

Complete media amended with

After 28 days of growth, the MKP

transformed and WT roots were transferred to ½ MS 2.0% sucrose media containing
three different auxin to cytokinin ratios including high auxin (0.5 µM, BAP, 1.5 µM
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NAA), high cytokinin (1.5 µM BAP, 0.5 µM NAA), and an equal auxin to cytokinin
ratio (0.5 µM BAP, 0.5 µM NAA). Phenotypic differences were observed and recorded.
Results:
MKP1 overexpression induces early flowering in Arabidopsis plants
Arabidopsis MKP1 transformed plants grown under nutrient complete
conditions for four weeks produced flower buds, whereas, WT plants grown under the
same condition had not produced any buds. Additionally, leaves on MKP1 transformed
plants were larger compared to WT (Figure 10A).

Since sucrose is thought to be a

signaling molecule which ultimately affects nutrient reallocation in plants (Leon & Sheen,
2003), MKP1 transformed and WT plants were also grown on nutrient deplete/replete
media amended with additional sucrose.

After four weeks of growth, all MKP1

transformed plants grown in either nutrient replete or nutrient deplete media amended
with additional sucrose, produced flower buds whereas WT plants did not produce any
buds.

As expected, both WT and MKP1 grown under sucrose amended conditions

produced larger leaves than plants of the same type which were not amended with
sucrose (Figure 10A and 10B).

Nonetheless, under all condition, whether nutrient

replete or deplete, MKPtransformed plants, which were exposed to sucrose amendment,
produced flower buds and exhibited more productive growth, producing larger leaves,
than WT plants grown under the same conditions for the same duration (Figure 10A and
10B). This suggest that MKP1 transformation promotes early flowering.
Overexpression of MKP1 enhances sensitivity to cytokinin in Arabidopsis
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In order to investigate the effects of MKP1 overexpression on cytokinin sensing
at the cellular level, excised roots from MKP1 transformed (91) and wildtype (BE)
Arabidopsis plants were grown on nutrient replete or deplete media for four weeks and
then placed on media containing various auxin:cytokinin ratios including a high auxin
concentration (1.5 µM NAA, 0.5 µM BAP), an intermediate concentration (0.5 µM
BAP: 0.5 µM NAA), and a high cytokinin concentration (1.5 µM BAP; 0.5 µM NAA).
After 37 days of growth on this media, roots from MKPtransformed seedlings, grown
under both nutrient replete and deplete conditions, regenerated more shoots than WT
plants grown under the same conditions (Figure 11) which suggests that

MKP1

transformation enhances sensitivity to cytokinin.
Conclusion:

Phenotypes such as the enhanced leaf biomass, early flower bud production, and
increased shoot regeneration displayed by these MKP1 Arabidopsis transgenic plants are
similar to that seen in tobacco transgenic lines. This further suggest that perturbation of
MAPK signaling pathways by MKP1 overexpression may interfere with ethylene
sensing and biosynthesis, and as a consequence, promote sensitivity to cytokinin and
enhance plant growth.
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Figure 10: Sucrose amendment promotes early flowering in MKP1 transformed
Arabidopsis seedlings. MKP1 transformed Arabidopsis seedlings, which were germinated on
½ MS 0.5% S media and transferred to either complete media or nutrient deplete media with
sucrose for four weeks, has started to produce flower buds, whereas their WT counterparts did
not produce flower buds. MKP1 transformed seedlings grown on media amended with sucrose
produced larger leaves and more flower buds than plants on medium without sucrose.
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Figure 11: MKP1 overexpression enhances cytokinin sensitivity in Arabidopsis
Roots from wildtype Arabidopsis seedlings and seedlings overexpressing MKP1 (91) grown
on either complete (A) or Ndeplete medium (B) were transferred to media with different
combinations of auxin (NAA) and cytokinin (BAP). MKP1 tissue regenerated more shoots in
the presence of cytokinin than WT (BE) at Day +37 posttransfer.
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